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We study the low-energy electronic structure of three-dimensional Dirac semimetal,
Cd3(As1−xPx)2 [x = 0 and 0.34(3)], by employing the angle-resolved photoemission spectroscopy
(ARPES). We observe that the bulk Dirac states in Cd3(As0.66P0.34)2 are gapped out with an energy
of 0.23 eV, contrary to the parent Cd3As2 in which the gapless Dirac states have been observed.
Thus, our results confirm the earlier predicted topological phase transition in Cd3As2 with perturba-
tion. We further notice that the critical P substitution concentration, at which the two Dirac points
that are spread along the c-axis in Cd3As2 form a single Dirac point at Γ, is much lower [xc(P)<
0.34(3)] than the predicted value of xc(P)=0.9. Therefore, our results suggest that the nontrivial
band topology of Cd3As2 is remarkably sensitive to the P substitution and can only survive over a
narrow substitution range, i.e., 0 ≤ x (P) < 0.34(3).
The three-dimensional (3D) Dirac semimetals [1–6]
with their novel band structure and unusual physical
properties have attracted a great deal of research interest
recently due to the potential applications [7]. In contrast
to the topological insulators where the Dirac fermions are
either the edge or the surface states that are protected
by the time reversal symmetry (TRS) and adiabatically
connecting the gapped bulk states [8], in the 3D Dirac-
semimetals the Dirac fermions are bulk in nature and
are protected by both the TRS and the crystal symme-
tries [1, 2, 9]. Thus, the 3D Dirac semimetals have a
clear advantage over the topological insulators from the
applications point of view as the surface states generally
suffer from the sample degradation with the time.
In so far reported 3D Dirac semimetals, Na3Bi and
Cd3As2, multiple Dirac nodes near the Fermi level have
been observed [4, 5, 10]. Recently, a topological phase
transition has been theoretically proposed in these com-
pounds using the DFT+CPA calculations [11] with an
isovalent substitution at the cite of Bi or As by Sb or
P, respectively, leading to a phase transition from the
semimetalic to the semiconducting in nature with a sub-
sequent loss of the band inversion. Thus, the system
undergoes a topological phase transition from nontriv-
ial semimetalic to trivial semiconductivity. During this
phase transition, interestingly, at a critical substitution,
one would observe a novel band structure in which a
lone bulk Dirac point exists in the vicinity of the Fermi
level and thus leaving out the complexity of the multiple
Dirac points as a case in the parent system. In addi-
tion, such a single Dirac cone semimetal can be further
tuned into a novel Weyl semimetal just by breaking one
of the aforementioned two symmetries. In such a novel
semimetal there exist only two Weyl nodes, contrary to
the so far reported minimal four [12] or higher Weyl node
systems [13–16]. Therefore, finding out such a peculiar
semimetal with the aforementioned novel band structure
is of broad importance in both basic science and technol-
ogy [7].
There exist already a couple of transport studies, re-
porting on the phase transition of 3D Dirac semimet-
als, (Cd1−xZnx)3As2 [17, 18] and (Cd1−xSnx)3As2 [17].
However, no photoemission study on the phase transition
of these systems is available till date. Here, we report
the low-energy electronic structure of Cd3(As0.66P0.34)2
using the high-resolution angle-resolved photoemission
spectroscopy (ARPES) and compare it with the elec-
tronic structure of the parent Cd3As2. Unlike in the
previous transport studies [17, 18] where the Cd is re-
placed by Zn or Sn [17, 18], in Cd3(As1−xPx)2 the As
atom is replaced by the isovalent P. Our ARPES stud-
ies show gapless bulk Dirac states in the parent Cd3As2,
while a gap of 0.23 eV is observed for the same Dirac
states in the doped Cd3(As0.66P0.34)2. This observation
provides a clear evidence of phase transition with the P
substitution in Cd3As2 as predicted earlier for these sys-
tems [11].
Single crystals of Cd3(As1−xPx)2 [x = 0 and 0.34(3)]
were prepared by the self-flux method by mixing the ele-
ments of As and P with excess Cd in an evacuated quartz
tube. The mixture then slowly cooled from 800 ◦C to
400 ◦C and separated the single crystals from the excess
Cd flux by centrifuging the melt at 400 ◦C [18, 19]. As
obtained single crystals are structurally analyzed by the
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Figure 1. ARPES data of Cd3As2. (a) In-plane Fermi surface
map. (b) kz Fermi surface map. (c) Energy distribution map
(EDM) measured along the cut 1 as shown on the Fermi sur-
face map (left panel) and second derivative of the EDM (right
panel). (d) Energy distribution map taken along the kz direc-
tion. Dirac points (DP) are located in the panels (b), (c) and
(d). (e) XPS data of Cd3As2 and Cd3(As0.66P0.34)2. Multi-
plet peaks of P at the binding energy of 129 eV are confirming
the element P substitution in Cd3(As0.66P0.34)2.
powder X-ray diffraction (XRD). The Phosphor content
of the cleaved surface is determined by the energy dis-
persive X-ray (EDX) analysis. Single crystals of Cd3As2
are identified in the orthorhombic I41/acd space group
with the lattice constants of a = b = 12.6648(12)A˚,
c = 25.516(4)A˚ and V = 4092.7(8)A˚3, while the sin-
gle crystals of Cd3(As0.66P0.34)2 are identified in the
tetragonal P42/nmc space group with the lattice con-
stants of a = b = 8.8858(4)A˚, c = 12.4598(7)A˚ and
V = 983.8(1)A˚3. The parameters found in the par-
ent system are in good agreement with available liter-
ature [19]. Further structural details of the substituted
crystals will be available elsewhere [20]. ARPES mea-
surements were performed in BESSY II (Helmholtz Zen-
trum Berlin) synchrotron radiation center at the UE112-
PGM2b beam-line using the ”13-ARPES” [21, 22] end
station which is equipped with SCIENTA R4000 ana-
lyzer. Depending on the incident photon energies, the to-
tal energy resolution was set between 5 and 15 meV. The
measurements were performed at a sample temperature
of 1 K. Another set of ARPES measurements were per-
formed in the Diamond light source at I05 beamline [23]
which is equipped with SCIENTA R4000 analyzer. Dur-
ing the measurements at Diamond the sample tempera-
ture was at 5 K and the energy resolution was set be-
tween 10 and 20 meV depending on the incident photon
energy. Difference in the band structure of these systems
is not expected between 1 and 5K as these show no phase
transition within this temperature range.
ARPES data of the parent Cd3As2 are shown in Fig-
ure 1. All the data shown in Fig. 1 are measured using
the p-polarized light. Fig. 1(a) shows the in-plane Fermi
surface (FS) map measured with a photon energy of 70
eV. Fig. 1(b) depicts the kz Fermi surface map measured
by varying the photon energy between 70 and 85 eV in
steps of 1 eV. Left panel in Fig. 1(c) is the energy distri-
bution map (EDM) measured along the cut 1 as shown
on the FS map. Second derivative of the EDM is shown
in the right panel of Fig. 1(c). Fig. 1(d) depicts EDM
taken along the kz direction. Note that these crystals
have a tendency of cleaving in the (112) plane [19, 24].
Therefore, in this manuscript the kz refers to the [112]
direction. Our ARPES data of Cd3As2 shown in Fig. 1 is
in very good agrement with the previous ARPES reports
on this system [4–6, 10, 24], i.e., linear dispersive gap-
less bulk Dirac states are observed in the vicinity of the
Fermi level. Although the band structure calculations
generally predict Dirac point at the Fermi level, experi-
mentally it has been always noticed below EF due to As
vacancies [25]. In our data as well, we notice the Dirac
point approximately at 180 meV below EF . In addition
to the Dirac cone, in Fig. 1(c), we further notice two
more bulk holelike bands (h1 and h2) and a holelike sur-
face state (SS) as shown by the dashed-blue and green
curves, respectively. Observation of the holelike bands
(h1 and h2) is in good agreement with previous band
structure calculations on this system [3, 4, 11, 19, 24].
Also, the observation of surface state (SS) is consistent
with an earlier ARPES study [24].
ARPES data of Cd3(As0.66P0.34)2 are shown in Fig-
ure 2. Fig. 2(a) depicts the in-plane Fermi surface (FS)
map measured with a photon energy of 20 eV. Fig. 2(b)
depicts the constant energy map taken at a binding en-
ergy of 0.3 eV below EF . Fig. 2(c) is the EDM measured
along the cut 1 as shown on the FS map. Fig. 2(d) is the
second derivative of 2(c). Left panel in Fig. 2(e) shows
the kz Fermi surface map measured by varying the pho-
ton energy between 30 and 38 eV in steps of 0.5 eV, ex-
tracting the band information around the Γ-point. Right
panel in Fig. 2(e) shows the constant energy kz map at a
binding energy of 0.3 eV below EF . Fig. 2(f) shows the
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Figure 2. ARPES data of Cd3(As0.66P0.34)2. (a) In-plane Fermi surface map. (b) Constant energy map taken at 0.3 eV below
EF . (c) EDM taken along the cut shown on the FS map. (d) Second derivative of (c). (e) kz Fermi surface map at the Brillouin
zone center (top panel) and constant energy map taken at 0.3 eV below EF (bottom panel). (f) EDM taken along the Γ− Z
direction. (g) Schematics are showing the band evolution in Cd3As2 with P substitution along the kz direction.
EDM taken along the kz direction. Similar to the parent
system, in Cd3(As0.66P0.34)2 as well, we notice two more
hole pockets (h1 and h2) shown by the dashed-blue curves
whose band tops are degenerate and coincide with the en-
ergy position of the lower half of Dirac cone. However,
unlike in the parent system, no surface states have been
detected in the doped compound. Further data compar-
ison between the parent Cd3As2 and Cd3(As0.66P0.34)2
are shown in Figure 3. Fig. 3 (a) shows EDMs mea-
sured with the photon energies 70, 75, 80 and 85 eV from
Cd3As2 and Fig. 3 (b) shows similar data but measured
from Cd3(As0.66P0.34)2 using the p-polarized light.
As we clearly notice from Figs. 2 (c) and 2(d), the
Dirac states are gapped out with an energy of 0.23 eV
at the node due to the P substitution in Cd3As2. This
is further confirmed from the in-plane and out-of-plane
constant energy maps taken at a binding energy of 0.3
eV [see Figs. 2 (b) and 2(e)] in which no spectral in-
tensity is observed. Interestingly, the gapped out Dirac
cones in Cd3(As0.66P0.34)2 are not broadened with the
substitution, suggesting that the Dirac states are ro-
bust against the perturbation as suggested by the cal-
culations [11]. Observation of the energy gap of 0.23
eV in Cd3(As0.66P0.34)2 is quite astonishing because ear-
lier theoretical study on Cd3(As1−xPx)2 suggested that
the non-trivial band topology persists even up to a P
substitution concentration of 90%. On the other hand,
in our study we see a phase transition from a nontriv-
ial band structure in Cd3As2 to a trivial band struc-
ture in Cd3(As1−xPx)2 with a 34(3)% of P substitu-
tion, thus suggesting that the nontrivial band topology
in Cd3As2 survives only over a narrow P substitution
range, i.e., 0≤ x(P) < 0.34(3). This is a bit surprising
result because such a small amount of P substitution can-
not result into a substantial band structure changes as
the difference in the spin-orbit coupling (SOC) strength
would be negligible between x(P)= 0 and x(P)=0.34(3),
which is considered to be the driving force of the phase
transition of these compounds, unless in addition to the
SOC there exist the other factors such as the crystal
disorder. Noteworthy to mention here that the effect
of crystal field splitting with the substitution of P is
negligible [26], thus plays no role in the phase transi-
tion of this compound. In some of the previous opti-
cal measurements, contrary to the recent theoretical pre-
dictions [11], the critical substitution is reported to be
xc(P)=0.3 [27, 28]. Moreover, there it is further sug-
gested that the required substitution concentration x(P)
is of 0.6 for an energy gap of 0.23 eV. Thus, our data
suggest that the non-trivial topology of Cd3As2 is re-
markably sensitive to the isovalent P substitution at the
site of As. Nevertheless, the isovalent substitution of Zn
at the Cd site is seemingly lesser sensitive as the non-
trivial band topology in (Cd1−xZnx)3As2 survives up to
a substitution concentration of xc(Zn)=0.38 [18]. That
means, in (Cd1−xZnx)3As2 the gap opens at the Dirac
point only at x(Zn)>0.38.
Moreover, with the substitution the anisotropic band
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Figure 3. Photon energy dependent EDMs from (a) Cd3As2
and (b) Cd3(As0.66P0.34)2.
structure of Cd3As2 becomes isotropic in Cd3(As1−xPx)2
at the critical P concentration. That means, instead of
two Dirac points per unit cell that are spread along the c-
axis as observed in the parent system, in Cd3(As1−xPx)2
there exists a lone Dirac cone at the Γ-point. There-
fore, the anisotropic transport properties governed by the
two Dirac points in the parent system [17] may become
isotropic in Cd3(As1−xPx)2 as it has one Dirac point per
unit cell in all the directions and further should lead to
enhancement in the charge mobility as the Dirac-Dirac
point scattering is prohibited. However, so far no such
systematic in-plane and out-of-plane transport studies
are available on these doped systems. Therefore, our
results demand for more systematic transport studies in
this direction to have a clear understanding on the ad-
vantage of having one Dirac point near the Fermi level
.
In conclusion, using high-resolution angle-resolved
photoemission spectroscopy we studied the low-energy
electronic structure of Cd3(As0.66P0.34)2 and compared
it with the band structure of parent Cd3As2. Our re-
sults clearly demonstrate an energy gap of 0.23 eV in
Cd3(As0.66P0.34)2 at the Dirac point, contrast to the
gapless Dirac states observed in Cd3As2. This obser-
vation provides a clear evidence of the phase transition
in Cd3As2 from a topological semimetal to a trivial semi-
conductor with the isovalent P substitution at the As site
that was predicted earlier. We further experimentally
notice that the non-trivial band topology of Cd3As2 is
remarkably sensitive to the P substitution as it survives
over a narrow substitution range, i.e., 0 ≤ x (P) < 0.34(3)
when compared to the theoretical predictions.
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